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Overview

? Immunodominance, the phenomenon that epitope-specific T-cells
expand in a distinct hierarchical fashion, is important for the design
of T-cell based intervention strategies.

?We previously used a mathematical model to explain the dynamics
of CD8 T-cells specific for the nucleoprotein NP366 and acid poly-
merase PA224 epitopes during influenza A infections of C57BL/6
mice [1].

?Here, we consider data for additional epitope-specific CD8 T-cell
populations (also referred to as cytotoxic T lymphocytes (CTL) in
the following). Our previous model, which only included competi-
tive dynamics between CTL populations, fails to explain all exper-
imental observations.

? By extending the model and allowing for cooperative mechanisms
between epitope-specific CTL, we are able to fit the data.

We show that a mathematical model that in-
cludes both competitive and cooperative mech-
anisms between epitope-specific CD8 T-cells
can describe the immunodominance hierar-
chies observed in the experimental data.
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Schematic illustration of the mathematical model. For clarity, the
figure does not show the death/decay for virus, infected cells and
pMHC. The viral epitopes are presented as epitope-specific peptide-
MHC (pMHC), Pi, on activated DC. Antigen presentation increases
proportional to virus load with rates fi and declines at fixed rates, di.
Unactivated CTL, Ti, are activated by their cognate epitope at rates
ai. Activated CTL, T ∗i , proliferate at rates gi and kill infected cells at
rates ki.

Model equations and parameters. All parameters are in units
of 1/day. The index i labels the different epitopes. Most pa-
rameter values are assumed to be the same for the different
epitopes.
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virus V̇ = pI − cV
pMHC on activated DC Ṗi = fiV − δiPi

non-activated CTL Ṫi = −aiPiTi
activated CTL Ṫ ∗i = giT

∗
i + aiPiTi

symbol meaning value source
U(0) target cells 107 experiment
V (0) initial number of virions 105 experiment
T (0) initial naive or memory CTL fitted
I(0) infected target cells 0
T ∗(0) activated CTL 0
b rate of infection 1× 10−7 [2]
d death rate of infected cell 1 [2–4]
p production rate of virions 100 [2, 5]
c virion clearance rate 10 [2, 4]
δi rate of pMHC decay 1 [6]
ai rate of CTL activation 10−4 arbitrary
ki rate of infected cell killing by CTL 10−3 [7, 8]
gi rate of clonal expansion of CTL 0.75 [9, 10]
fi rate of pMHC presentation fitted

Experiments

8 to 10 week old female B6 mice were initially infected i.p. with 108

50% egg infectious doses [EID50]) of H1N1 PR8 virus. After sev-
eral weeks, the mice were challenged i.n. with 106 EID50 of H3N2
x31 virus. Both the wild-type (WT), and ”double knockout” (DKO)
form of PR8 and x31 virus were given. The DKO viruses are re-
combinants which lack the NP366 and PA224 epitopes [11]. Virus-
specific CD8 T-cell responses were analyzed by flow cytometry at
the indicated time post secondary infection. The follwing influenza
epitopes were measured: DbNP366−374, DbPA224−233, KbPB1703−711,
and DbPB1-F262−70.

The competition model reproduces only some of
the data

The figure below shows the best fit of the model to the data. An-
imals were initially infected with either WT or DKO virus and then
challenged with either virus, resulting in four scenarios. CTL num-
bers on day 8 post secondary infection were measured. The wide
hatched bars show the data, the narrow solid smaller bars the model
results. For the model, the parameters describing production of
pMHC for the different epitopes (fi) are fitted (for knockout situa-
tions, fNP = fPA = 0). Also fitted are the initial number naive or
memory CTL, assumed to be the same for the different epitopes.
All other parameters were fixed to the values listed in the parameter
table.
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Our model successfully reproduces the competition aspects of the
immunodominance dynamics: The removal of NP and PA leads to
an increase in the F2 CTL, and the presence of F2 and PB1 memory
cells after priming with the DKO virus leads to competitive suppres-
sion of the NP and PA CTL during secondary infection (DKO-WT sce-
nario). However, the data also show that removal of the dominant NP
and PA epitopes leads to a decreased response for the PB1 CTL.
This feature can not be captured with the model described above,
even if we fit instead of fix the remaining parameters (not shown).
This calls for an extended model, which we describe next.

Extended model with cooperation

The decrease in the PB1 response after removal of the NP and PA
epitopes can be explained through a cooperation mechanism. One
such mechanism could envolve cytokine production. T-cells need cy-
tokines such as IL-2 for optimal division and they also produce these
cytokines. It is plausible that the removal of the NP and PA CTL pop-
ulations leads to suboptimal cytokine levels for the other responding
CTL populations and therefore suboptimal growth. This could be
modelled by making the growth rate of the CTL dependent on the
total number of CTL, i.e.

gi→
giTtot
Ttot + si

, (1)

where Ttot is the total number of activated CTL. If there are few
CTL (Ttot � si), those CTL expand at a rate ≈ giTtot/si, which
can be much lower than the expansion rate gi at high CTL numbers
(Ttot � si). Therefore, if the overall number of CTL is low because
for instance the NP and PA CTL do not get activated, it could lead to
a reduced expansion of the PB1 population.

The extended model can reproduce the data
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We now fit the extended model to the data. We again fit the pa-
rameters fi and the initial number of naive/memory CTL. In addition,
we fit the si for the four different epitopes. As the figure shows, the
model can reproduce the data. Removal of NP and PA leads now
to an increased F2 but decreased PB1 response. The different be-
haviors of the PB1 and F2 CTL are encompassed by their different
dependence on the total CTL population (cytokines), expressed by
sPB1� sF2.

Discussion and Future Steps

?Combining experiments with quantitative dynamical models can
be useful for understanding the complex, multi-factorial processes
that lead to immunodominance in particular and that govern the
infection dynamics in general.

? Alternative competition mechanisms (e.g. killing of DC, competi-
tion for antigen) are possible.

? Equivalently, different cooperation mechanisms (e.g. pMHC pre-
sentation, CTL activation) are possible.

? A number of those alternative mechanisms/models can also re-
produce the current data (not shown).

? The different mechanisms/models make different predictions for
certain scenarios, which we can/will test experimentally.

?Measuring more variables of the model (e.g. pMHC, virus load)
will either provide further support for specific models or rule out
some currently plausible models.
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